have modelled the (I 1 1)N~/(0001),Nb/A1202 interface using an atomistic, static lattice simulation technique.
INTRODUCTION
The technological importance of metal/ceramic interfaces has meant that such interfaces have attracted a great deal of attention from both the theoretical and experimental scientific community. Several studies have attempted to understand the bonding of such interfaces using theoretical techniques and others have studied the structure using High Resolution Electron Microscopy (HREM). The interfaces which receive most attention, theoretically and experimentally, are those which have no significant chemical interaction between the two materials and a good matching of the lattice parameters.
Such interfaces have a low density of dislocations and a high degree of periodicity, which makes them suitable for study with both theoretical and experimental techniques. The Nb/A120? (sapphire) interface is a good example of such an interface and there have been many structural studies [l&3] and electronic structure calculations [4, 51 on this system. However, despite the interest in this material, many questions remain unanswered, both about the structure and the type of bonding which is prevalent at the interface.
In this paper we describe the results of a calculation of the structure of the interface which takes a somewhat different approach.
Our approach is complementary to full-scale electronic structure methods, but it requires far less computer effort. We use an established modelling technique to relax the structure and calculate the energy of the lowest tPresent address: Physics Dept., University College London, Gower Street, London WClE 6BT, England. energy configuration.
The dominant interactions at the interface are included explicitly. These include the Coulomb interactions between the ions, the short range interactions between the oxide ions and the metal atoms, and the Coulomb interaction between the ions and the induced charge in the metal. This approach has been used previously to model simple metal/oxide interfaces (Ag/ MgO [6] and Ag/NiO [7] ) and the resulting energies and structures gave good agreement with more complex electronic structure calculations.
The model provides a relatively simple, intuitive approach to the study of complex interfaces. The calculated structures are compared with the interpretations of the experimental results and give close agreement with the predicted structures.
THE MODEL

The structure
Alumina has the corundum structure in its most stable form. This consists of hexagonal close packed oxygen ions with aluminium ions in two thirds of the interstitial sites. The structure of the unit cell is represented in Fig. 1 . Such a structure has a large number of possible orientations and each orientation has a number of inequivalent surfaces. The structure and energy of some of the stable surfaces of sapphire were calculated by Tasker and these are illustrated in Ref. [S] . Niobium is a body centred cubic metal with a lattice parameter of 0.329 nm. The interface we consider in this work has the orientation relationship (11 l),,//(OOOl), (where S represents sapphire). The lattice constants of the hexagonal unit cell of sapphire are 0.476 and 1.272 nm for a and c, respectively. Thus the perfect crystal structure.
The atoms are then relaxed to equilibrium using an efficient numerical method. The total energy and the energy derivatives separated into the two main components, the long of a block of crystal adjacent to the interface are range Coulomb interaction between the ionic charges required for the minimisation.
The energy can be and the short range interaction which provides the repulsion necessary for stability at close separations. The Coulomb interactions are calculated using a
Z-dimensional lattice summation technique which is equivalent to the 3-dimensional Ewald summation. The short range interaction is derived either from calculations of the overlap of the electronic wavefunctions or by fitting the parameters to 0 02- Fig. 1 . The structure of a unit cell of a-alumina measured properties of the material. The program has recently been modified for the calculation of interfaces between ionic crystals and metals. The interaction between the ionic charges and the induced charge in the metal is included by introducing image charges into the calculation. The image interaction is screened at short distances by the restriction of the induced charge to fluctuations with wavelengths longer than the Fermi wavelength of the metal [lo] . This screening removes the divergence of the image interaction at the image plane. The energy required to immerse the ions in the metal jellium is also included in a simplified form. These interactions are all included in the program which can be run on a modest PC.
The interatomic potentials
It was noted in the previous section that we required an estimate of the short range interaction To complete the calculation we require the interaction energy between the ions and the metal jellium. The energy of immersion for a range of neutral atoms in a jellium is given as a function of the electron density by Puska [14] . Both the Al'+ and the O*-ions have a similar electronic structure to Ne; therefore we use the parameters for Ne, which gives an immersion energy (AE) of AE = 602.36 n + 3.16 x 10%~~ -2.766 x 10%~~ + 2.037 x 10'n".
Here, n is the electron density in a.u. The electron density near the surface of a metal is given in a simple analytic form by Smith for both the AP+ and the 02-ions. This is a repulsive interaction which represents the energy required to move the ions of the oxide into the electron gas of the metal. It has the effect of counteracting the attractive interaction between the ionic charges of the oxide and the induced polarisation charge in the metal.
RESULTS AND DISCUSSION
The first calculations modelled a metal/oxide interface in which the alumina crystal terminated on a single plane of aluminium ions. The corresponding alumina free surface has been shown to have a relatively low surface energy and it has no net dipole moment. We found, however, that the interface was unstable with respect to the two free surfaces. The repulsive energy between the Al ions and the Nb atoms dominated the attractive image interactions and the interface did not bind. We predict, therefore, that this is not a stable configuration for the sapphire/niobium interface. The second type of interface modelled an alumina crystal which terminated on a plane of oxygen ions. Such an interface takes advantage of the attractive interaction between the oxygen ions and the niobium atoms of the metal. However, as noted earlier, there is a net dipole moment across a crystal terminated by a fully charged oxygen plane. The presence of the metal, and the resulting induced image charge, does not cancel the dipole moment, as the induced dipole has the same sign as the crystal dipole. To cancel this dipole moment it is necessary to reduce the ionic charge of the oxygen ions on the interfacial plane to -1 and terminate the crystal by a plane of equivalent charge in the bulk crystal. The resulting crystal has zero net charge and no net dipole moment. Such an interface could form from an Al terminated surface of alumina by each of the 02-ions of the first oxygen layer losing one electron to the AP+ ions of the surface layer, forming neutral Al atoms, which could then dissolve in the niobium metal.
The oxygen terminated interface has three distinct configurations which are illustrated in Fig. 5 . The distance between the 0 ions and the metal is equivalent in all configurations, but the distance between the metal and the Al ions is different in each case. Configuration A maximises the Al/Nb distance as the Nb atoms are over the vacant sites of the aluminium lattice. In configuration B, the metal atoms are over the raised Al ions and in configuration C the metal atoms are over the lowered Al ions. All three configurations were found to be stable against dissociation into two free surfaces and the binding energies of the relaxed interfaces, defined as the difference between the energy of the block of alumina at the interface and the energy of an equivalent block at the surface, are summarised in Table 1 . We note that the most stable interface is the A configuration as this maximises the distance between the metal atoms and the Al ions, which minimises the repulsive energy. The maximum binding energy was found to be 3.6 J/m2, therefore these interfaces are quite strongly bound. The interfacial energy is defined as the difference between the energy of a (0001) surface of Al203 terminated with a plane of O-ions, and the energy of the interface. The three configurations A, B and C represent the metal sited over the vacant site, the raised Al ion and the lowered Al ion of the Al lattice, respectively.
The ions in the sapphire crystal experienced significant displacements from the unrelaxed positions in the minimum energy configurations. This is demonstrated in Table 2 , where we have summarized the interplanar distances of the relaxed structures, together with the corresponding interplanar distances for the bulk crystal and the oxygen terminated surface. Clearly the free surface also experiences significant relaxations, with the distance between the aluminium planes increasing and the distance between the oxygen and aluminium planes decreasing, with respect to the bulk crystal. The relaxation arises from the electric fields experienced by charged planes in this orientation. In the case of the interfaces, the short range interaction between the metal and the ions also influences the final configuration. For example, the Al/Al interplanar distance in the B configuration is reduced with respect to the other cases because the repulsive force between the Nb and the Al pushes the raised Al down into the crystal. In the case of the B configuration this distance is increased, because it is the lowered Al plane which is pushed into the crystal. The A and C configurations resemble free surface whereas the B configuration is more like the bulk crystal. These calculations demonstrate the need to relax a reasonable number of planes in order to obtain an accurate estimate of the interfacial energies. Here we included six oxygen planes in the explicitly relaxed region of the crystal and the inner interplanar distances closely resembled that of the bulk crystal.
COMPARISON WITH EXPERIMENT
Specimens of the A1203 interface can be prepared by various methods and each method may produce a Their results suggest that the bonding is primarily ionic, with the Nb atom losing three electrons to become Nb3+. These results should be treated with caution; calculations with more layers of Nb are in progress and this will give a better idea of the bonding at the interface.
CONCLUSIONS
We have used a static lattice simulation technique to model the structure and calculate the energy of the A1203/Nb interface. The total energy of the interface DUFFY et al.: Nb/AlzOx INTERFACE is a combination of the Coulomb energy of the ions, the short range interaction between the oxide ions and between the ions and the metal atoms and the image interaction between the ionic charges and the induced charge in the metal. The interface with the orientational relationship (11 l)//(OOOl) was modelled as this interface has a small unit cell and a small mismatch between the lattice parameters of the two crystals. We found that, in order to form a stable interface, the sapphire crystal must terminate on an oxygen plane. The minimum energy configuration is the one in which the metal atoms are located over the vacant site in the Al lattice, as this maximises the distance between the Nb and Al ions, thus minimising the repulsive energy. Interfaces grown by MBE, and examined by HREM were found to have a structure which closely resembles the calculated minimum energy configuration.
The static simulation technique provides a relatively simple method for examining complex metal/oxide interfaces and obtaining information about the low energy structures and energies. The predicted structure of the Nb/A120j interface appears to be confirmed by analysis of the electron microscopy results.
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